Malolactic fermentation in wine is often carried out by Oenococcus oeni. Wine is a stressful environment for bacteria because ethanol is a toxic compound that impairs the integrity of bacterial membranes. The small heat shock protein (sHsp) Lo18 is an essential actor of the stress response in O. oeni. Lo18 prevents the thermal aggregation of proteins and plays a crucial role in membrane quality control. Here, we investigated the interaction between Lo18 and four types of liposomes: one was prepared from O. oeni grown under optimal growth conditions (here, control liposomes), one was prepared from O. oeni grown in the presence of 8% ethanol (here, ethanol liposomes), one was prepared from synthetic phospholipids, and one was prepared from phospholipids from Bacillus subtilis or Lactococcus lactis. We observed the strongest interaction between Lo18 and control liposomes. The lipid binding activity of Lo18 required the dissociation of oligomeric structures into dimers. Protein protection experiments carried out in the presence of the liposomes from O. oeni suggested that Lo18 had a higher affinity for control liposomes than for a model protein. In anisotropy experiments, we mimicked ethanol action by temperature-dependent fluidization of the liposomes. Results suggest that the principal determinant of Lo18-membrane interaction is lipid bilayer phase behavior rather than phospholipid composition. We suggest a model to describe the ethanol adaptation of O. oeni. This model highlights the dual role of Lo18 in the protection of proteins from aggregation and membrane stabilization and suggests how modifications of phospholipid content may be a key factor determining the balance between these two functions.
O
enococcus oeni is a lactic acid bacterium that grows in wine and carries out malolactic fermentation (MLF). MLF occurs following alcoholic fermentation by yeasts and increases the quality of wine (1) . During the wine-making process, it is current practice to add O. oeni to wine to start MLF (1) . However, wine is a stressful medium for bacterial growth, and bacteria must adapt to high ethanol concentrations, acidic pH, and low temperatures to survive. Many of the molecular and physiological bases of the stress response in O. oeni have been worked out (2-6). One major adaptation involves mechanisms that counteract the increase in membrane fluidity at high ethanol concentrations. For example, O. oeni is able to modify its membrane phospholipid content (7, 8) . This is also true for Lactobacillus plantarum. In response to ethanol, this bacterium synthesizes large amounts of saturated fatty acids, resulting in a decrease in the relative proportion of unsaturated fatty acids, which helps to counteract the deleterious effects of ethanol on membrane fluidity (9) .
In addition to lipid modifications, heat shock proteins (Hsp) are produced when the bacterial envelope detects changes to the cellular environment. For example, the cyanobacterium Synechocystis synthesizes Hsp70 (also known as the molecular chaperone DnaK) in response to the membrane fluidizer bimoclomol, a hydroxylamine derivative (10) . Several Hsp, such as DnaK and GroEL, can bind membranes (11) . Torok et al. also showed that during heat shock in vitro, Synechocystis GroEL interacts with model lipid membranes, resulting in the increase of the molecular order of lipid bilayers and stabilization of the membrane (12) .
Similarly, a particular subclass of Hsp called small heat shock proteins (sHsp) also bind membranes to regulate bilayer fluidity (13) (14) (15) . These sHsp have a molecular mass ranging from 12 to 43 kDa and can form large oligomers with molecular chaperone activity that protects polypeptides from aggregation (16) (17) (18) (19) . The association of sHsp with lipid substrates is linked to conformational changes (20) (21) (22) . The affinity of sHsp for lipids is sensitive to phospholipid type. For example, mammalian Hsp22 binds anionic lipid vesicles but not liposomes with a neutral charge (20) , and the Synechocystis Hsp17 binds preferentially to the polar lipid monoglucosyldiacylglycerol (MGlcDG) (23) . The binding of Hsp17 or human alpha-crystallin to membranes leads to the preservation of membrane structure and integrity during thermal adaptation (24) . However, little is known about the role of sHsp in the preservation of membrane integrity during adaptation of lactic acid bacteria to technological processes.
Under stress conditions O. oeni produces large amounts of the sHsp Lo18 (2) (3) (4) 25) , particularly during ethanol shock (3, 26) . As it is not yet possible to construct the appropriate mutants in O. oeni or to overexpress the proteins to verify their in vivo function, many studies have been performed with heterologous models (27, 28) or in vitro with purified proteins (17) . In vitro experiments with purified Lo18 have characterized both its molecular chaperone (protection of proteins from aggregation) and lipochaperone (stabilization of liposome fluidity) activities (17, 26, 29) . Recently, we provided strong evidence for a relationship between the dynamic oligomerization of Lo18 and its chaperone and lipochaperone activities (17) . The optimal pH for the liposome stabilization activity of Lo18 is pH 7, where the protein appears as a mixture of species, predominantly containing a 12-subunit oligomer formed by the association of dimeric building blocks (17) .
Here, we studied the interaction between Lo18 and liposomes prepared from phospholipids extracted from the cytoplasmic membrane of O. oeni. These bacteria were grown either under optimal growth conditions as a control condition or under conditions of 8% ethanol to mimic conditions in wine. We also examined the interaction between Lo18 and other bacterial or synthetic liposomes. These experiments allowed us to assess the conditions that determine the binding of Lo18 to the membrane. We propose a model for ethanol tolerance in O. oeni which describes the role of Lo18 and phospholipid content in membrane stabilization.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and Lo18 purification. O. oeni ATCC BAA-1163 cells were grown at 30°C in modified FT80 (mFT80) medium (30) . Precultures were performed in the same medium and were used to inoculate larger cultures at an initial absorbance at 600 nm (A 600 ) of 0.1 (1 absorbance unit corresponds to 2 ϫ 10 8 CFU · ml Ϫ1 ). For ethanol conditions, mFT80 medium was supplemented with 8% ethanol (vol/ vol). O. oeni cells were harvested in the exponential growth phase when the A 600 reached 0.4.
Bacillus subtilis subsp. subtilis CIP 52.65 was cultured aerobically (at 130 rpm) in LB broth at 37°C and harvested in the exponential growth phase (A 600 of 0.6; 1 absorbance unit corresponds to 4 ϫ 10 8 CFU · ml Ϫ1 ). Lactococcus lactis subsp. cremoris strain MG1363 was grown under anaerobic conditions at 30°C in GM17 medium (medium corresponding to M17 [31] containing glucose at 0.5%). Cells were harvested in the exponential growth phase (A 600 of 1.5; 1 absorbance unit corresponds to 6 ϫ 10 8 CFU · ml Ϫ1 ). Lo18 was produced in Escherichia coli BL21 Star(DE3) containing the plasmid pET28a-hsp18 (28) . E. coli cells were grown under aerobic conditions at 37°C in LB broth supplemented with kanamycin (50 g · ml Ϫ1 ). Lo18 expression and purification were performed according to Maitre et al. (17) . The purified protein was stored at 3 mg · ml Ϫ1 and at Ϫ20°C in 50 mM sodium phosphate buffer, pH 7. All experiments with purified Lo18 were performed at pH 7 because Lo18 activities are optimal at this pH (17) .
Preparation of liposome samples from bacterial cells. Liposomes were prepared from total lipids from 50 absorbance units of O. oeni harvested in the exponential phase after growth either under optimal culture conditions (here, control liposomes) or under conditions of 8% ethanol (here, ethanol liposomes). For B. subtilis and L. lactis, cells were harvested in the exponential growth phase after growth under optimal culture conditions, and 50 absorbance units were used to prepare liposomes. Lipid extractions were carried out using the Bligh and Dyer method (32) , and liposomes were prepared as previously described (17, 26) . Liposomes were kept for a maximum of 1 week at 4°C.
Preparation of synthetic liposomes. The synthetic phospholipids dipalmitoylphosphatidylglycerol (DPPG), dipalmitoylphosphatidylethanolamine (DPPE), dioleoylphosphatidylglycerol (DOPG), and dioleoylphosphatidylethanolamine (DOPE) ( Table 1) were purchased from Sigma (France) and dissolved in chloroform at a final concentration of 30 mM. Phospholipids were dried at 65°C under nitrogen-reduced pressure and were hydrated by shaking with prewarmed 50 mM phosphate buffer at pH 7. Small unilamellar liposome suspensions with a lipid concentration of 0.25 mg · ml Ϫ1 were obtained by sonication (two times for 30 s) (ELMA D-78224; VWR, France).
Fatty acid analysis. One milliliter of control or ethanol liposomes prepared as described above or total phospholipids from 50 absorbance units of O. oeni cells cultured in the presence or absence of 8% of ethanol were used for lipid analysis. Extraction and methylation of fatty acids were performed according to Méchin et al. (33) . Fatty acid methyl esters (FAME) from liposomes were concentrated under nitrogen flow. Analytical gas chromatography (GC) of FAME was carried out by a 6890HP system (Agilent Technologies, Germany) equipped with a capillary column (25 m; 0.22-mm inside diameter [i.d.]) coated with 0.25-m BPX70 film (SGE, Ring Wood, Australia) and a flame detector. Column temperature was set at 100°C for 1 min and then increased to 170°C at the rate of 2°C per min. The data were acquired with an HPCORE Chemstation system (Agilent Technologies, Germany) and are expressed as a percentage of the area of the main peaks. Individual fatty acids were identified using commercial FAME standards. For each condition, the results are the average of six GC profiles (two injections of three extractions prepared from independent liposomes).
Measurement of liposome fluidity stabilization. Liposome fluidity measurements were performed by the fluorescence anisotropy method with 1,6-diphenyl-1,3,5-hexatriene (DPH) as a probe (Sigma, France). Experiments were done in the absence or presence of 10 M purified Lo18, and a mass ratio of 1:2 (m/m) was used between Lo18 and liposomes. Ten minutes after the addition of 3 M DPH, the fluorescence intensity was recorded at 402 nm with excitation at 352 nm using a Fluorolog-3 spectrofluorimeter (Jobin Yvon, France). Temperature ramping with a rate of 5°C per min was controlled by a Peltier system (Wavelength Electronics, USA). Each experiment was performed in triplicate. Lysozyme was used as negative control (data not shown).
Size exclusion chromatography and cross-linking experiments. Lo18 was incubated in the absence or presence of control or ethanol liposomes (mass ratio of Lo18/liposomes of 1:1, 1:2, 1:5, and 1:10) for 30 min at 42°C before being loaded onto a Superdex 200 5/150 GL column (GE Healthcare, France) previously equilibrated with 50 mM phosphate buffer at pH 7. Absorbance was recorded at 280 nm. Each experiment was performed in triplicate. For cross-linking, 1.5 M Lo18 was incubated with control liposomes (Lo18/liposome ratio of 1:2 or 1:10) for 30 min at 42°C. Cross-linking was carried out by adding a freshly prepared solution of bis(sulfosuccinimidyl) suberate (BS 3 ) in cross-linking buffer (25 mM morpholineethanesulfonic acid [MES], pH 7.5, 25 mM NaCl, 0.5 mM dithiothreitol [DTT] ) such that the final concentration of BS 3 was 2 mM. The mixture was incubated for 30 min at room temperature, after which 2.6 g of cross-linked samples was loaded onto a gel. Immunoblotting procedures were performed as previously described (3) .
Chaperone activity in the presence of liposomes. Citrate synthase (CS) was prepared as described previously (17) . CS at a concentration of 300 nM was thermally denatured at 45°C in the presence or absence of 9.6 , and 9,250 g of lipids, respectively). Aggregation was followed by light-scattering measurement at 360 nm (Uvicon XS70 spectrophotometer equipped with a Peltier thermosystem; Secoman, France).
Three independent experiments were carried out for each condition. Lysozyme was used as negative control, and we checked that the presence of liposomes had no effect on CS aggregation (data not shown). RNA extraction, reverse transcription, and real-time PCR experiments. Total RNA was extracted by using an RNeasy kit (Qiagen, France) according to the manufacturer's instructions and dissolved in 30 l of ultrapure water. RNA concentration was determined by measuring the absorbance at 260 nm. Contaminating DNA was removed by DNase treatment (Fermentas, France) prior to reverse transcription. Removal of DNA was checked by qPCR. cDNA was obtained by using an iScript cDNA Synthesis Kit (Bio-Rad, France). Real-time PCR (primers listed in Table  2 ) was performed according to (34) using a CFX96 real-time system (BioRad, France) with Go Taq qPCR Master Mix (Promega, France) in 96-well plates. Results were expressed using the 2
Ϫ⌬⌬CT method (where C T is threshold cycle) (35) . Normalization was performed relative to a calibrator condition (exponential-phase cells growing under optimal culture conditions), and two reference genes (ldhD and gyrA) were used. For each condition, experiments were carried out with cDNA obtained from RNA extracted from three independent cultures. Statistical analysis. A one way analysis of variance (ANOVA) and a Holm-Sidak test (n ϭ 3; P Ͻ 0.05) were used to investigate significant differences. SigmaStat, version 3.0.1, software (SPSS, Inc., USA) was used for statistical analysis. (Fig. 1) . O. oeni grown in 8% ethanol showed a distinct fatty acid profile characterized by high saturated and cyclic fatty acid contents.
RESULTS

Interaction of
The fluidity of control and ethanol liposomes was assayed, in the presence or absence of Lo18, by steady-state fluorescence anisotropy of DPH during temperature ramping (15 to 70°C). In control liposomes, the addition of Lo18 significantly reduced the temperature-dependent fluidization: in the presence of Lo18, anisotropy was 70% of the initial value, whereas anisotropy was 37% of the initial value in the absence of Lo18 ( Fig.  2A) . This control experiment agreed with our previous data (17) . For ethanol liposomes (Fig. 2B) , the initial anisotropy value (R ϭ 0.202 units) was significantly higher than that for control liposomes (R ϭ 0.163 units). This reflects a higher rigidity, consistent with the phospholipid content of ethanoladapted cells. The effect of temperature in liposome fluidity was less pronounced for ethanol liposomes than for control liposomes (anisotropy was 60% of the initial value for ethanol liposomes and 37% for control liposomes). Lo18 reduced this fluidizing effect in ethanol liposomes by only 10%. Thus, Lo18 protected ethanol liposomes from the fluidizing effects of temperature but much less efficiently than control liposomes.
Interaction of Lo18 with synthetic liposomes and liposomes obtained from other bacteria. We used the most abundant phospholipids of the O. oeni membrane to generate synthetic liposomes. Synthetic phospholipids with different polar head groups or fatty acid chains were chosen. Liposome fluidity as a function of temperature (as assessed by steady-state fluorescence anisotropy) is shown for DPPG, DPPE, DOPG, and DOPE liposomes in Fig.  3A to D. In the absence of Lo18, anisotropy values decreased for the four types of synthetic liposomes during temperature ramping. However, the kinetics depended on the liposomes considered. A phase transition (at around 40°C) between the gel phase and the liquid-crystalline phase was observed only for liposomes composed of DPPG (Fig. 3A) . Liposomes formed by DPPE were in the gel phase, and liposomes composed of DOPG or DOPE were in the crystalline phase for all temperatures tested (Fig. 3B , C, and D) ( Table 1 gives transition phase temperatures). Lo18 stabilized the fluidity of liposomes composed of DPPG, DPPE, or DOPG when the temperature reached a value between 40 and 50°C. Lo18 did not stabilize the fluidity of liposomes composed of DOPE (Fig.  3D ). This may be explained by the formation of a nonlamellar bilayer because DOPE is a cone-shaped lipid that forms inverted vesicles in hexagonal type II phase (H II ) for temperatures above 10°C (36) . The stabilizing effect of Lo18 on other natural membranes was checked by using liposomes made from phospholipids extracted from B. subtilis or L. lactis. These two bacteria have a fatty acid content distinct from that of O. oeni (11, 37) . B. subtilis contains predominantly branched saturated fatty acids, leading to a membrane of higher rigidity (R ϭ 0.191 units) than O. oeni (R ϭ 0.163) and L. lactis (R ϭ 0.177). Lo18 stabilized B. subtilis-and L. lactisderived liposomes at temperatures higher than 50°C.
Changes to Lo18 structure in the presence of liposomes. We previously showed that the role of Lo18 in both membrane stabilization and protection of proteins from aggregation is dependent on its oligomer plasticity (17, 28, 29) . However, the identity of the oligomeric form active in membrane stabilization remains elusive. Analytical gel filtration was used to determine the oligomeric status of Lo18 in the presence of liposomes. The elution profile of purified Lo18 at pH 7 gave a single peak (Fig. 4 , dotted line), corresponding to the 12-to 16-subunit species previously identified at this pH (17) . Preincubation of Lo18 with control liposomes at 42°C, however, resulted in a second peak of lower molecular mass (Fig. 4A ). The amplitude of this peak increased with increases in the Lo18/control liposome ratio. Both calibration of the column and trapping of a predominant 36-kDa species crosslinked by BS 3 suggested that this species was likely a dimer. In contrast, the elution profiles of purified Lo18 and Lo18 preincubated with ethanol liposomes at 42°C were similar (Fig. 4B) . Notably, the 36-kDa species observed in the elution profile of Lo18 preincubated with control liposomes was present in very small amounts in Lo18 preincubated with ethanol liposomes. The amount of the high-molecular-weight species remained unchanged, even in the presence of liposomes, when the incubations were performed at room temperature (data not shown).
Chaperone activity of Lo18 is altered in the presence of liposomes. The ability of Lo18 to protect citrate synthase (CS) from thermal aggregation was checked in the presence of either control or ethanol liposomes at different concentrations or in liposomes formed by phospholipids extracted from B. subtilis or L. lactis membranes (Fig. 5) . When heated at 45°C, CS forms insoluble aggregates that scatter light at 360 nm (Fig. 5, filled circles) . As we previously described (17) , Lo18 has chaperone activity and protects CS from thermal aggregation at pH 7 (Fig. 5, open circles) . Increasing amounts of control liposomes caused a dose-dependent decrease of the chaperone activity of Lo18 (Fig. 5A) . Control (Fig. 5) .
Abundance of hsp18 mRNA in O. oeni in the presence of ethanol. The expression of the hsp18 gene in O. oeni under optimal growth conditions (mFT80 medium) and at various time points during shock or growth under conditions of 8% ethanol was measured by quantitative reverse transcription-PCR (qRT-PCR) and the comparative critical threshold (⌬⌬C T ) method in three independent experiments. The abundance of hsp18 mRNA was (26.73 Ϯ 0.28)-fold higher after an ethanol shock of 30 min than under optimal growth conditions. The expression of O. oeni hsp18 may also be induced during the direct inoculation of wine in the wine-making process. We also measured hsp18 gene expression during long-term ethanol growth, corresponding to conditions where changes to membrane fatty acid content have occurred (Fig. 1A) . The relative abundance of hsp18 mRNA decreased during the course of ethanol growth but nonetheless remained significantly higher than under optimal growth conditions: at 16 h hsp18 mRNA was (16.37 Ϯ 0.92)-fold higher than under optimal growth conditions, and at 36 h hsp18 mRNA was (8.93 Ϯ 0.74)-fold higher than under optimal growth conditions. For growth at 30 min, 16 h, and 36 h, the difference between mRNA levels with ethanol and mRNA level under control conditions was significant (P Ͻ 0.05).
DISCUSSION
In this study, we investigated the role of the sHsp Lo18 and phospholipid content in membrane stabilization that leads to ethanol tolerance in O. oeni. Thus far, the description of interactions between bacterial sHsp and phospholipid membranes was mainly restricted to Hsp17 from the cyanobacterium Synechocystis sp. strain PCC 6803. Hsp17 interacts with thylakoid membranes during heat and light stresses, and its synthesis is induced by changes to the membrane physical state (38, 39) . In particular, Hsp17 can stabilize the membrane bilayer in the liquid-crystalline phase (L ␣ ) and inhibits the formation of the inverted hexagonal structure (H II ) of membranes composed of dielaidoylphosphatidylethanolamine (DEPE) (24) . Moreover, the lipid binding activity of Hsp17 requires the dissociation of Hsp17 oligomers into dimers (21) . The insertion of Hsp17 into the lipid bilayer of thylakoids may also occur (15, 40) .
O. oeni has evolved adaptation strategies to ethanol stress which allows this bacterium to grow in wine. One strategy involves the induction of the expression of the hsp18 gene, encoding the sHsp Lo18. Lo18 was previously shown to participate in the modulation of membrane and liposome fluidity in response to stress (17, 26, 28) , thus protecting membranes from the deleterious effects of ethanol. To characterize further the interaction between Lo18 and the O. oeni membrane, we used two types of liposomes prepared from O. oeni grown under optimal growth conditions or grown in 8% ethanol. We checked that the fatty acid content of the liposome preparations was representative of the composition of O. oeni membrane under optimal or ethanol conditions. We also used liposomes prepared with lipids extracted from other bacteria or with synthetic phospholipids.
The chaperone activity of Lo18, as assessed by its ability to protect a model protein, citrate synthase (CS), from thermal aggregation, was inhibited in the presence of liposomes, regardless of their lipid composition. In vivo, Lo18 localizes to the membrane after heat shock (5, 26, 29) , and experiments showed that Lo18 has lipochaperone activity (17, 26) . This suggests that liposomes compete with denatured CS for Lo18 binding. This liposome-induced inhibition of Lo18 protein chaperone activity was dose dependent for control liposomes and reached a plateau at around 9,250 g of liposomes. Control liposomes more efficiently impaired the chaperone activity of Lo18 than ethanol liposomes or liposomes derived from B. subtilis and L. lactis. This suggests that the phospholipid composition is a key determinant of Lo18 membrane association. Accordingly, liposomes derived from L. lactis were more efficiently stabilized by Lo18 during temperature ramping than liposomes derived from B. subtilis. This may be due to the phospholipid composition of the L. lactis membrane which is composed of saturated, unsaturated, and cyclic fatty acids (37), similar to the O. oeni membrane. In contrast, the B. subtilis membrane has a high saturated fatty acid content (90%) (11) . Phospholipid composition also influences the degree to which temperature affects the lipid organization (termed "lipid bilayer phase behavior"). Liposomes composed of DPPG, DDE, DOPG, or DOPE, all of which have different transition temperatures, were differentially stabilized by Lo18. This suggests that lipid bilayer phase behavior is a factor that determines Lo18 interaction with membranes. Interestingly, changes to the oligomeric structure of Lo18 in the presence of control liposomes were observed only if the liposomes were preincubated at 42°C. Thus, the fluidizing effect of the temperature on lipid membranes may act as a catalyst for the dissociation of Lo18 into dimers that can bind lipids.
The liposomes composed of DOPE organize as nonlamellar structures, with the fatty acids exposed at the exterior and the polar heads organized interiorly (36). Lo18 did not stabilize liposomes composed of DOPE on temperature ramping. This suggests that the protein does not interact directly with the fatty acid chains but may instead associate with the surface of the membrane when the polar heads of the phospholipids are exposed. This interpretation is consistent with previous reports showing the peripheral association of Lo18 with the O. oeni membrane after heat shock (5), where Lo18 was observed at the cytoplasmic side of the membrane by immunoelectron microscopy (26) , and the release of Lo18 from membranes treated with urea and Na 2 CO 3 (5).
These observations led us to propose a model of how Lo18 contributes to ethanol tolerance in O. oeni (Fig. 6) . Membrane fluidity abruptly increases in response the ethanol (41) (42) (43) , and the envelope stress signal leads to an increase in hsp18 gene expression. Lo18 forms oligomers composed of dimeric building blocks (17) . Here, oligomers of Lo18 dissociate to dimers, which can interact with the phospholipid membrane, where they participate in membrane stabilization by an unknown mechanism. The distribution of the protein between the membrane and the cytoplasm (5, 26) suggests that Lo18 can participate both in membrane stabilization and in the protection of cytoplasmic proteins from aggregation. During the adaptation process, enzymes involved in fatty acid biosynthesis (44) (45) (46) or modification, such as cyclopropane fatty acid (CFA) synthase (46) or isomerases (47) , promote transitions in the content of the phospholipid membrane, which helps to counteract the fluidizing effect of ethanol. These lipid transitions are crucial for long-term adaptation of O. oeni to ethanol and are detected only after long periods of growth under ethanol conditions. Lo18 has a low affinity for the ethanoladapted membrane, which may allow the release of this sHsp to the cytoplasm, where it exerts its chaperone activity on ethanol-aggregated proteins. We found that the abundance of hsp18 mRNA was much higher in O. oeni 30 min after ethanol shock than in bacteria grown under optimal growth conditions. The abundance of hsp18 transcripts decreased under ethanol growth conditions as a function of time. Nonetheless, hsp18 transcripts were more abundant in O. oeni grown under ethanol conditions for 36 h than in bacteria grown under optimal conditions. These findings suggest that Lo18 is involved in both the early stages and later stages of the ethanol stress response. Our model provides a basis for understanding the role of Lo18 in the adaptation process of O. oeni to ethanol that can be extended to bacterial cultures during the wine-making process.
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